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ABSTRACT
We present ALMA Band 6 observations (1.3 mm/233 GHz) of Fomalhaut and its
debris disc. The observations achieve a sensitivity of 17 µJy and a resolution of 0.28
arcsec (2.1 au at a distance of 7.66 pc), which are the highest resolution observations
to date of the millimetre grains in Fomalhaut’s main debris ring. The ring is tightly
constrained to 139+2−3 au with a FWHM of 13±3 au, following a Gaussian profile. The
millimetre spectral index is constrained to αmm = −2.73 ± 0.13. We explore fitting
debris disc models in the image plane, as well as fitting models using visibility data
directly. The results are compared and the potential advantages/disadvantages of each
approach are discussed.
The detected central emission is indistinguishable from a point source, with a most
probable flux of 0.90±0.12 mJy (including calibration uncertainties). This implies that
any inner debris structure, as was inferred from far-Infrared observations, must con-
tribute little to the total central emission. Moreover, the stellar flux is less than 70% of
that predicted by extrapolating a black body from the constrained stellar photosphere
temperature. This result emphasizes that unresolved inner debris components cannot
be fully characterized until the behaviour of the host star’s intrinsic stellar emission
at millimetre wavelengths is properly understood.
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1 INTRODUCTION
Fomalhaut is one of the Sun’s closest stellar neighbours and
has been the target of numerous studies at multiple wave-
lengths (see Table 3 for a select list of observations). Located
at a distance of 7.66 ± 0.04 pc (van Leeuwen 2007), this
200− 440 Myr old A3V star (Di Folco et al. 2004; Mamajek
2012) has a bright, eccentric debris ring at stellar separation
of about 140 au, which can serve as an important testbed
for debris disc evolution models and potentially planet-disc
interactions.
Despite extensive study, outstanding issues remain
in characterizing Fomalhaut’s debris system at millimetre
(mm) wavelengths. Two of such issues are (1) determin-
ing whether there is a debris component that is interior to
the 140 au main ring, and (2) constraining millimetre flux
? E-mail: jawhite@astro.ubc.ca
densities of the outer ring, thus determining the millimetre
spectral index. Both of these are directly related to under-
standing the evolution of the debris system itself, as well as
using the debris to constrain the structure of Fomalhaut’s
putative planetary system.
The possible presence of a warm, inner debris disc was
first identified by Stapelfeldt et al. (2004) after unresolved
excess, compared with the expected stellar emission, was
found at 24 µm using Spitzer data. To better improve the
flux uncertainty, a re-reduction of the Spitzer data by Su et
al. (2016) finds an excess of 0.64 ± 0.13 Jy (∼ 20% over a
Kurucz model atmosphere). Using archival VLTI data, Absil
et al. (2009) report an excess of 0.88% ± 0.12% over the
stellar photosphere in the K band, although they are unable
to distinguish between a point source and an extended source
for the central emission. Acke et al. (2012) fit a 3 component
model consisting of a point source, an inner disc, and an
outer disc to Herschel data and find an unresolved excess of
c© 2016 The Authors
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0.17±0.02 Jy, or about 50% over the expected stellar flux. In
contrast, ALMA 870 µm observations (Su et al. 2016) find
a total flux about 35% lower than what is expected from
the stellar photosphere and detect no extended structures
within 0.2 arcsec (∼ 15 au) of the central emission.
For the main ring, the grain size distribution, q, can be
used as a tracer of the collisional processes that are present
in the late stages of planet formation (Dohnanyi 1969). The
size distribution can be further influenced by gravitational
interactions with a nearby massive planet or by self-stirring
within the disc (Wyatt 2008; Mustill & Wyatt 2008). Smaller
µm sized grains are subject to strong interactions with ra-
diation pressure, while the larger mm grains will be better
tracers of the parent body distribution. The distribution of
mm grains in Fomalhaut’s outer disc can therefore be used to
test the collisional models of planetesimals and the dynami-
cal state of the system (Vandenbussche et al. 2010; Ricci et
al. 2012). Previous constraints find q to be between 3.4 and
4 (Ricci et al. 2012; Pan & Schlicting 2012); a more precise
measurement is needed to describe the dynamical state of
the Fomalhaut debris disc.
Finally, we note that there is a well-known scattered
light feature located NW of the star, just inside the outer
debris ring (Kalas et al. 2008). While the nature of the source
is debated, it could be directly related to the putative planet
Fomalhaut b, or it could also be a byproduct of collisional
processes (Lawer et al. 2015). Observations at infrared wave-
lengths have failed to detect a planet (Marengo et al. 2009;
Janson et al. 2012) in the system. Regardless, the significant
eccentricity of the debris ring would be consistent with per-
turbations from planets (Kalas et al. 2005; Quillen 2006),
although hydrodynamic processes could also play a role if
there is sufficient gas (Lyra & Kuchner 2012). If the feature
and/or the ring’s eccentricity are related to a planetary sys-
tem, then Fomalhaut would be an ideal system for studying
planet disc-interactions.
In this paper we present 1.3 mm ALMA data that pro-
vide the highest resolution (0.28 arcsec) observations to date
of the outer mm-debris disc and allow us to resolve the re-
gions immediately around the star to within about 2 au.
The observations are thus able to address whether there is
indeed excess over the stellar emission, constraining the pres-
ence of an inner debris disc or ring. Section 2 is an overview
of the observations and data reduction. Section 3 details the
image-plane and visibility modelling of the debris disc and
central emission. Section 4 shows a fit to the SED of the host
star, calculates the grain size distribution, and discusses the
central emission. Section 5 summarizes the results.
2 OBSERVATIONS
The data were acquired as part of the ALMA cycle 2 cam-
paign (project ID 2013.1.00486.S). Observations were made
in three execution blocks (EBs) taking place between 2015
June 11th and 2015 September 21st. The average integra-
tion time was 1.08 hr. A 34-antenna configuration was used;
the longest baseline was 1.1 km. Observations were centred
on Fomalhaut using J2000 coordinates RA = 22 h 57 min
39.44 s and δ = −29◦37′22.64′′. The observations were taken
in band 6 (at ∼ 233 GHz) with the correlator setup using the
Time Division Mode (TDM) and dual polarization. Four dif-
Figure 1. CLEANed data of the Fomalhaut system. The syn-
thetic beam is given by the black ellipse in the bottom left of
the image. Coordinates are given as offset from the phase centre.
North is up and East is to the left.
ferent spectral windows were used with 2 GHz bandpasses
at rest frequency centres of 224, 226, 240, and 242 GHz.
Each spectral window had 128 channels with a correspond-
ing channel width of 15.625 MHz.
Ceres and quasar J2258-2758 were used for absolute flux
and bandpass calibration, respectively. Atmospheric varia-
tions at each antenna were monitored continuously using
the water vapor radiometer (WVR). Data were reduced us-
ing the Common Astronomy Software Applications (CASA)
package (McMullin et al. 2007). The data reduction in
CASA included WVR calibration; system temperature correc-
tions; and bandpass, flux, and phase calibrations with Ceres
and quasar J2258-2758. The size of the synthetic beam is
0.329× 0.234 arcsec at a position angle of 83.6◦. The beam
corresponds to ∼ 2.1 au at the system distance of 7.66 pc.
The FWHM of the primary beam is 27.3 arcsec at the wave-
length of the observations.
The CLEANed image is shown in Fig. 1. This 233 GHz
continuum image was produced by CASA’s CLEAN algo-
rithm using threshold of 1
2
σRMS and natural weighting. The
average wavelength across the frequency range is 1296 µm.
The central emission and the main debris ring are clearly
detected, but no extended structure is found interior to the
main ring. To analyze the system further, we fit the data
with multi-component models.
3 DEBRIS DISC MODELLING
We constrain the morphology of the Fomalhaut debris sys-
tem by conducting a search through model parameters using
a Markov Chain Monte Carlo (MCMC) approach. For any
given model, we represent the system using a point source
and a circular ring that has a Gaussian radial profile for
the debris. The ring’s centre is allowed to be offset from the
star’s position, approximating a low-eccentricity ellipse. We
do not include an additional inner debris disc/ring here. The
choice of a Gaussian radial profile for the debris’s spatial dis-
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tribution is motivated in part by the system’s similarities to
the Solar System’s Kuiper Belt (Kavelaars et al. 2008; Boley
et al. 2012).
In our analysis, we fit the following parameters: debris
disc centre, disc radial width, system inclination relative to
the observer, disc position angle, X-offset and Y-offset, disc
flux, and central emission flux. The X and Y-offsets are the
projected angular distances (measured in arcsec) of the cen-
tral emission relative to the geometric centre of the ring.
Models are generated using the same approach as in White
et al. (2016) and assume a flat prior distribution. In gener-
ating a model, particles are randomly distributed within the
debris ring, according to the given profile. The local grain
temperature is derived assuming thermal equilibrium with
the star and is azimuthally symmetric around the center of
the disk. We assume that all the grains in the disc are perfect
radiators in radiative equilibrium with the star. The model
is then rotated to a trial sky position and projected onto a
grid to get the unscaled brightness distribution. The final
brightness distribution of the ring is then set by demanding
that the system has a total flux density that is consistent
with the given MCMC link. The central emission of the sys-
tem (i.e., star and any stellar excess) is modelled as a point
source at the phase centre of the observations, consistent
with the lack of extended emission seen in Fig. 1.
For each model, we assume that the vertical profile of
the debris is Gaussian with a width of 1◦, as viewed from
ring’s centre (see, e.g., Boley et al. 2012). In principle, the
ring opening angle can be constrained, albeit very approx-
imately, by effectively comparing the width of the ring at
the ansae with the width of the ring close to quadrature.
However, in the 1300 µm observations presented here, the
ring ansae are too close to the edges of the primary beam to
produce meaningful, independent results.
We use two different approaches in fitting models to the
data. In the first method, following Booth et al. (2016), we
fit the data in the image plane by producing dirty images for
each model (discussed more below). For the second and more
standard method, we use each model to predict visibilities
and then compare those results with the actual visibility
data. In both cases, parameter space is explored using a
random walk directed by a Metropolis-Hastings MCMC (for
a review of MCMC see Ford 2005). For each new trial, two
model parameters are randomly chosen and then updated
by drawing a Gaussian random parameter centred on the
current model (state i). The acceptance probability for the
new trial model (state i+ 1) is given by
α = min(e
1
2 (χ
2
i −χ2i+1), 1). (1)
The χ2 is different depending whether the fit is done in the
image or visibility plane; the corresponding forms are de-
scribed below in Sections 3.1 and 3.2. If for a given χ2, α is
greater than a random number drawn from a uniform [0,1]
distribution, then the new model is accepted and recorded
in the Markov chain. If the model is rejected, then the pre-
vious model is used again and re-recorded. The resulting
chains are thinned by a factor of 10 (i.e. every 10th link is
used) and used to determine the posterior distributions. The
thinned chains are also checked for convergence using a k-
lag autocorrelation function (ACF). The ACF tests how well
the sample is mixed by comparing a given parameter xi to
a parameter further in the chain, xi+k. The less the chain is
Table 1. Summary of image plane MCMC Results with 95%
Credible Range. The “width” is the FWHM of the ring’s radial
Gaussian profile.
Parameter Most Probable 95% Credible Range
Centre [au] 139 [135, 144]
Width [au] 15 [9, 22]
Inclination [◦] 66.5 [65.7, 67.8]
Position Angle [◦] 337.0 [338.0, 335.8]
X Offset [arcsec] −0.12 [−0.36, 0.06]
Y Offset [arcsec] −1.74 [−2.16,−1.32]
Disc Flux [mJy] 26.3 [21.6, 30.8]
Central Emission [mJy] 0.89 [0.78, 0.98]
autocorrelated, the lower the lag needed, k, for the ACF to
drop to near 0.
3.1 Image Plane
Given the high resolving power of ALMA, accurate mod-
elling of interferometric data in the image plane is becom-
ing more plausible. This has some advantages over visibility
modelling, since it can be considerably faster and less com-
plex to model in the image plane. Visibilities do not need
to be calculated for each model, and the number of calls to,
e.g., CASA is greatly reduced.
We carry out the MCMC modelling in the image plane
based on the method described in Booth et al. (2016). A trial
two-component model is constructed using a debris ring and
central emission (as described above). The model is atten-
uated by the primary beam and then convolved with the
synthetic beam (the sampling function). The primary and
synthetic beams are obtained from creating a “dirty” image
in CASA using the CLEAN task (with zero iterations) and
then exporting to a more manageable format via the export-
fits task. The resulting model dirty image is then compared
with the actual dirty image from the observations by using
a χ2 statistic of the form
χ2i =
∑ (I −Mi)2
σ2
(2)
where I are the data from the dirty image, Mi is the cur-
rent model, and σ = 374 µJy is the σRMS of the dirty image
multiplied by the beam size in pixels (see Booth et al. 2016).
The summation is over all pixels in the image. If α is greater
than a random number drawn from uniform [0,1] distribu-
tion, the new model is accepted and recorded in the Markov
chain. If the model is rejected, then the previous model is
used again and re-recorded.
The MCMC routine is run with 3 separate chains for a
total of 100000 links (minus about 1000 each for burn-in).
The acceptance rate for the chain is ∼ 23%. The ACF be-
comes negligible for lags of 50 or less for all thinned chains.
The 3 chains converge on similar parameters, and the dis-
tributions are combined to give the resulting posterior dis-
tributions in Fig. 2.
The blue points correspond to the values of highest
probability. The most probable parameters (i.e., the mode
of the distributions) are given in Table 1. Uncertainties are
given by a 95% credible interval around the most probable
value.
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Figure 2. MCMC parameter posterior distributions from the image plane fit. The blue points represent the most probable values. The
“width” is the FWHM of the ring’s radial Gaussian profile.
3.2 Visibility Plane
To model the ALMA observations of Fomalhaut using the
visibility plane, we first construct a trial, two-component
sky model image of the debris ring and central emission (as
already discussed) for the representative frequency of each
spectral window. The sky model is then loaded into CASA and
used to “predict” the visibilities that the model would have
for the actual array configuration and (u,v) coordinates us-
ing the tasks setvp and predict. Each position in (u,v)-space
has a real and imaginary component, and a corresponding
weight. The weights for ALMA visibilties are
WT = WEIGHTi,j =
wiwj
σ2i,j
, (3)
where wi and wj are antenna-based calibration factors de-
rived by the CASA task applycal during the data reduction
process, and
σ =
1√
2∆ν∆t
, (4)
where ∆ν and ∆t are the channel bandwidth and integration
time. A χ2 is then calculated for each model visibility via
χ2 =
∑
i,j
(RDi,j −RMi,j)2WT + (IDi,j − IMi,j)2WT, (5)
where RD, RM are the real components of the data and
model visibilities; ID, IM are the imaginary components of
the data and model visibilities; and WT is the weights as
given above. If α is greater than a random number drawn
from uniform [0,1] distribution, the new model is accepted
and recorded in the Markov chain. If the model is rejected,
then the previous model is used again and re-recorded.
The MCMC routine is run with 10 separate chains for
a total of 100000 links (minus about 1000 each for burn-in).
The acceptance rate for the chain is ∼ 26%. The ACF be-
comes negligible for lags of 50 or less for all thinned chains
The chains converge on similar parameters, and the distri-
butions are combined to give the resulting posterior distri-
butions in Fig. 4. The blue points correspond to the values
of highest probability. The most probable parameters (i.e.,
the mode of the distributions) are given in Table 2. Uncer-
tainties are given by a 95% credible interval around the most
probable value.
The data and best fit model are then deconvolved and
imaged using the CASA CLEAN algorithm. The data, model,
and residuals are shown in Fig. 5.
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Figure 3. Left: Dirty Image of the Fomalhaut system used in image plane model fitting. The synthetic beam is given by the black
ellipse in the bottom left of the image. Middle: MCMC constrained best fit model of the system. Image is convolved with the synthetic
beam and attenuated with the primary beam of the observations. Right: The data minus model residuals from the best fit model. The
residuals are consistent with ∼ σRMS of the observations. In all images North is up and East is to the left. The apparent excess in the
center of the image is an artefact due to gridding effects in generating the image. There is also a slight residual feature in the location
of the ring due to the image-plane fit not recovering the total flux of the disc (see Section 3.3).
Table 2. Summary of visibility plane MCMC Results with 95%
Credible Range. As before, the width is the FWHM of the ring.
Parameter Most Probable 95% Credible Range
Centre [au] 139 [136, 141]
Width [au] 13 [10, 16]
Inclination [◦] 66.7 [66.0, 67.2]
Position Angle [◦] 336.5 [337.1, 335.9]
X Offset [arcsec] −0.23 [−0.35,−0.10]
Y Offset [arcsec] −1.87 [−2.08,−1.64]
Disc Flux [mJy] 30.8 [27.8, 34.2]
Central Emission [mJy] 0.90 [0.83, 0.95]
3.3 Comparison between approaches
The image-plane and visibility fitting methods are both very
consistent with each other in describing the disc geometry.
The biggest discrepancy among the results of the two meth-
ods is the most probable flux for the debris ring, which has
a difference of about 15%. In contrast, the flux for the cen-
tral emission is only ∼ 1% different and well within the un-
certainties at the 95% confidence level. If observations are
simulated in CASA using the best fit image-plane model, the
resulting residuals reveal a small amount of leftover flux in
the location of the ring. Furthermore, we cautiously note
that the flux derived by fitting the visibilities is the most
consistent with expectations based on extrapolating the 870
µm results. Visibility fitting appears to be the most accurate
approach.
Nonetheless, fitting in the image plane can still be ad-
vantageous. In particular, the MCMC quickly converged on
the debris disc morphology; most of the best fit geometrical
parameters are well within the 1σ results of those derived
from fitting to the visibilities. If only the disc geometry is
needed, then image-plane fitting could be a reasonable ap-
proach, as advocated by Booth et al. (2016). Furthermore,
a preliminary best model could be selected by fitting in the
image-plane, particularly as using poor starting conditions
can have a major impact on the required links for an MCMC
to converge and fitting visibilities can be time-consuming. In
some cases, fitting first in the image plane and then refining
the fit using the visibilities maybe improve model selection.
3.4 Additional Properties of the Debris System
The Gaussian profile of the chosen model accurately recov-
ers the geometry of the disc, as can be seen in the residuals
in Fig. 5. Power law disc models were considered, but were
not well constrained in the model fitting. As noted above,
the ring ansae are close to the edges of the primary beam.
As such, any potential North/South asymmetries are not re-
liable. Furthermore, there are no noted deviations from an
azimuthally smooth ring to within the noise level of the mea-
surements. The “fading out” of the ring and then brighten-
ing at the ansae is an artefact of the primary and synthetic
beams and is reproduced with the azimuthally symmetric
models (see middle panels of Fig. 3 and Fig. 5).
Other than the unresolved central emission, there is no
detection of any structure or emission interior or exterior to
the debris ring. Assuming that the debris ring has only a
MNRAS 000, 1–11 (2016)
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Figure 4. MCMC parameter posterior distributions from the visibility plane fit. The blue points represent the most probable values. As
before, the width is the FWHM of the ring’s radial profile.
small eccentricity with the star at one of the foci, the ring’s
eccentricity can be calculated from the best fit semi-major
axis and the X and Y offsets of the ellipse centre, as derived
from the most probable model values listed in Table 2. Thus,
e =
(X′2 + Y′2)1/2
a
, (6)
which yields an eccentricity of 0.12±0.03 with uncertainties
propagated from the 95% Credible Ranges listed in Table 2.
X’ and Y’ are the de-projected offsets, i.e., they represent
the offsets if the system were viewed face-on, before the disc
is inclined and rotated by the PA. The eccentricity result is
in agreement with the e = 0.11 ± 0.01 from HST scattered
light observations (Kalas et al. 2005).
This measured eccentricity is relatively high and has
implications for potential disc-planet interactions within the
Fomalhaut system. One likely scenario is that the ring has
a forced eccentricity due to an interior massive planet (e.g.,
see Wyatt et al. 1999; Kalas et al. 2005). An inner plane-
tary system could also give rise to a sharp inner edge, but
additional dynamics may be required to explain the abrupt
outer edge as well (Boley et al. 2012). While the main Fo-
malhaut ring has a large forced eccentricity, the millimetre
grains are narrowly located within a radial region that has
a FWHM of 13 au. Because the millimetre grains are not
strongly affected by radiation pressure, these grains further
suggest that the collisional parent body population is also
narrowly located.
A rough mass estimate can also be made by making a
few simplifying approximations for the disc. We assume that
the debris is comprised of 1.3 mm grains, i.e., the wavelength
of the observations, and that they are perfect radiators in
thermal equilibrium with the host star. All of the grains
are placed at a distance 139 au from the star. Adopting an
average density of 2.5 g cc−1, this approach yields a mass of
M1.3mm ∼ 0.017 M⊕. This is in agreement with the simple
mass Boley et al. (2012) derived for the ALMA 345 GHz
observations and can be interpreted as a lower limit to within
the assumed density of the grains.
The above simple mass calculation is incomplete in that
it does not consider how a distribution of grain sizes, up to
some parent body size, can affect the total debris mass. To
illustrate this, we use the method laid out in White et al.
(2016) to estimate the debris mass contained within objects
of a given grain size distribution. The grains are assumed to
radiate efficiently as long as the their circumference is equal
to or larger than the absorbing/emitted photons (Draine
2006). For wavelengths larger than the grain’s circumfer-
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Figure 5. Left: CLEANed data of the Fomalhaut system. The synthetic beam is given by the black ellipse in the bottom left of the
image. Middle: MCMC constrained best fit model of the system and simulated in CASA by predicting onto the data visibilities. Resulting
image is CLEANed with the same mask as the actual data. Right: The data minus model residuals from the best fit model. The residuals
are consistent with ∼ 1.5 σRMS of the observations. In all images North is up and East is to the left. The apparent excess in the centre
of the image is an artefact due to gridding effects in generating the image.
ence1, the emission and absorption coefficients are inversely
proportional to the photon wavelength. The flux density for
any given grain is calculated by assuming that the albedo
A ∼ 0 and that the received and emitted powers balance,
using a black body model modified to take into account the
emission and absorption coefficients. The relative flux den-
sity for each bin of grain sizes is then evaluated. The total
mass is then determined by requiring that the flux density
of the model match the flux density derived from the obser-
vations (30.8 mJy in this case). We only consider a power
law size distribution characterized by q = 3.5 for dN
dD
∝ D−q,
where D is the grain or planetesimal diameter. The chosen
value for q is consistent with a collisional cascade, and as will
be shown below, is a reasonable estimate for the millimetre
grains in Fomalhaut’s debris ring (see Section 4).
The total estimated mass will be heavily influenced
by the maximum grain size. In our own Solar System, the
Kuiper Belt has a strong drop off in material, or “knee”, for
objects with a diameter of 50 km (Gladman et al. 2001). If
we further adopt a Kuiper Belt like grain density of 1 g cc−1,
which is more appropriate for cometary-like material, we find
a total mass of M(D < 50 km) ∼ 6 M⊕. This assumes that
the timescale for collisions with D ∼ 50 km-sized objects is
short enough for these objects to contribute to the cascade.
While is is unclear whether this applies to Fomalhaut, it is
a working assumption for comparison with the Kuiper Belt.
1 If the gain’s diameter is used instead (e.g., see Wyatt & Dent
2002), then this removes a factor of pi from the absorption co-
efficient. This will affect the total mass by a factor ∼ 2, yielding
∼ 11 M⊕ instead of ∼ 6 M⊕ as given in Eq. 7.
A more general mass relation for the collisional cascade can
be written as
M(< D) ≈ 6 ρ
1 g cc−1
(
D
50 km
) 1
2
M⊕ (7)
for a given maximum diameter, D, and density, ρ.
The Kuiper Belt has a total inferred mass for D < 50 km
of ∼ 0.1 M⊕ (Gladman et al. 2001). This means that there
is potentially 60 times more collisional material in the Fo-
malhaut debris ring than in the current Kuiper Belt, as-
suming the size cutoffs are appropriate. It should be cau-
tioned though that the current mass of the Kuiper Belt is
likely smaller than it was when our Solar System was the
same age as Fomalhaut. Estimating the amount of mass that
the Kuiper Belt has lost due to collisional erosion over its
lifetime may be model dependent. In the Kuiper Belt, the
main mass loss mechanism is the dynamical “erosion” of the
scattering population due to gravitational interactions with
planets (e.g., see Lawer et al. 2015, and references therein).
4 SED MODELLING
As noted above, the estimate for the debris ring’s mass is
dependent on the size distribution of grains. The grain size
distribution can be inferred from the slope of the flux den-
sity, assuming Fν ∝ ναmm , where αmm is the spectral index
at millimetre wavelengths. We calculate αmm by combining
the ring’s 1.3 mm flux density (30.8 mJy, as derived from the
visibility fitting here) with literature values for flux densities
at different wavelengths (see Table 3). The posterior distri-
bution for the spectral index is determined by performing
MNRAS 000, 1–11 (2016)
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a Bayesian parameter estimation for Fν . We use an MCMC
approach similar to that used for the disc model fitting, in-
corporating the listed flux uncertainties, and assume a flat
prior distribution. We fit over the wavelengths 350 - 1300
µm and 350 - 6600 µm separately, yielding most probable
values of αmm = −2.62 ± 0.12 and αmm = −2.73 ± 0.13,
respectively. The 1σ uncertainties are also given.
The slope of the grain size distribution, q, for dn
ds
∝ s−q,
is given by the following (see e.g. D’Alessio et al. 2001; Ricci
et al. 2012; MacGregor et al. 2016):
q =
αmm − αpl
βs
+ 3, (8)
where αpl is the spectral index of the Planck function over
the wavelengths of interest, and βs is the dust opacity spec-
tral index in the Rayleigh limit. Following Ricci et al. (2012),
we adopt αpl = 1.84± 0.02 and βs = 1.8± 0.2.
The adopted value of αpl would normally be 2 in the
Rayleigh-Jeans limit. However, the actual value of αpl de-
pends on the temperature of the dust and the wavelengths
of interest (e.g, Holland et al. 2003). Specifically,
αpl =
∣∣∣∣∣∣
log
(
Bν1
Bν2
)
log
(
ν1
ν2
)
∣∣∣∣∣∣ , (9)
where Bν is the Planck Function and ν1 and ν2 are, e.g.,
the respective frequencies for the 350 and 6600 µm observa-
tions. The derived temperature range for Fomalhaut’s ring
is approximately between 40 - 50 K. Assuming a dust tem-
perature of 45 ± 5 K yields αpl = 1.84 ± 0.02, as used in
Ricci et al. (2012). Finally, Draine (2006) find that for par-
ticles larger than 100 µm, βs in discs is consistent with the
grains in the ISM, which means βs ≈ βism = 1.8 ± 0.2,
as long as 3 < q < 4. It is worth noting though that the
value of βs could range between 1.0 and 2.0. βs ≈ 1.0 has
been found in protoplanetary discs (Andrew & Williams
2005) and βs = 2.0 is found in simple models of conduc-
tors/insulators (Draine 2004). Adopting different values of
βs can lead to significantly different values of q.
Using βs = βism, the calculated grain size distribu-
tion with the addition of the ALMA band 6 observations
is q = 3.50 ± 0.14, consistent with the previously calcu-
lated values of q = 3.48 ± 0.14 (Ricci et al. 2012). Using
the 350 - 1300 µm data set gives q = 3.43 ± 0.15, which
is a bit shallower, but still consistent within the 1σ uncer-
tainties. Both of these results are also consistent with the
predicted q = 3.51, which would be expected for a steady-
state collisional cascade model (Dohnanyi 1969), similar to
that used in our mass estimates for the ring. Strictly, this
value reflects the size distribution for approximately mil-
limetre grains, and does not necessarily extend to other size
regimes.
4.1 What can the observations tell us about a
possible close in warm debris system?
There is a clear detection of the central emission at the
phase centre of the images (see Figs. 3, 5). The best fit flux
from the MCMC visibility modelling is 0.90±0.15 mJy. The
photosphere temperature of the star is constrained to be
TB = 8600 ± 200 K from Herschel observations (Acke et
al. 2012). Assuming that this brightness temperature also
reflects the flux density at longer wavelengths, we would
naively expect the 1300 µm flux density to be 1.3 mJy. The
ALMA 1300 µm observations recover < 70% of the this flux.
This is consistent with the the 870 µm observations, where
Su et al. (2016) recover 1.8 mJy (∼ 2.8 mJy is expected
based on a black body with the stellar photosphere temper-
ature). Even if the measured flux density in the far-infrared
were to be extrapolated to millimetre wavelengths, the mil-
limetre flux density would still be lower than expected.
To determine the presence of an inner debris compo-
nent, there first needs to be an accurate characterization
of the flux contribution of the host star. Because the ob-
served flux is already lower than expected, this means that
the brightness temperature of the Fomalhaut star at these
wavelengths is much less than that of the photosphere and
even less than in the far-infrared (although consistent within
the uncertainties). As such, the degree of unresolved excess
emission in the inner system cannot be easily determined.
If it is assumed that there is no inner debris component
and all the observed flux is intrinsic to the star, then pro-
cesses in the stellar atmosphere (e.g. chromospheric opacity
effects) must be causing significant changes to the bright-
ness temperature of the star at millimetre wavelengths. Fig.
6 shows the 24 µm and the 350-6600 µm recovered fluxes
along with the the brightness temperatures that the star
would need to have to produce each measurement. The hori-
zontal dashed line represents a brightness temperature equal
to the stellar photosphere of TB = 8600 ± 200 K. Around
wavelengths of 1 mm, the brightness temperature drops be-
low 65% of the photosphere temperature. At larger wave-
lengths the brightness temperature increases to nearly dou-
ble that of the photosphere temperature. This is very similar
to the behaviour observed in the Sun at mm/submm wave-
lengths (e.g., Fig. 1 in Loukitcheva et al. (2004)), in which
the observed solar flux drops down to ∼ 80% of the Sun’s
photosphere brightness temperature before increasing with
increasing wavelength. This profile for the millimetre flux
densities ultimately reflects different layers in the chromo-
sphere, with longer wavelengths probing higher atmosphere
altitudes (e.g., see Wedemeyer et al. 2015). ALMA 440-3100
µm observations of the α Centauri system (Liseau et al.
2016) also find Solar chromosphere-like behaviour in the bi-
nary. The G2V and K1V star’s stellar atmospheres indicate
that the observed trends in the brightness temperature are
not exclusive to the Sun. The Fomalhaut observations allow
us to begin to explore such behaviour in an A star, assuming
any inner dust is negligible.
Using the stellar fluxes given in Table 3, we fit black
bodies to subsets of the flux density data using a Bayesian
approach. In the ALMA 870 µm observations by Boley et
al. (2012) the central emission was located near the edge of
the primary beam. As such, flux estimate is not as reliable
as the flux from Su et al. (2016), where the central emission
was at the phase centre of the observations. The 870 µm flux
value from Su et al. (2016) was used in all further analysis.
The corresponding brightness temperatures for specific
wavelength ranges are given in Table 4. Fitting to all the stel-
lar data, 0.554 - 6600 µm, as well as the wavelengths 0.554 -
24 µm, yields TB = 8650 K. This value is very much in line
with the previously constrained photosphere temperature of
TB = 8600 ± 200 K Acke et al. (2012). If instead only the
870-6600 µm data are used, then the expected brightness
MNRAS 000, 1–11 (2016)
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Table 3. List of select, previous observations of Fomalhaut from the literature. The uncertainties, when not listed, are assumed to be
10%. The (*) denotes the ALMA 870 µm observations by Boley et al. (2012). The central emission was located near the edge of the
primary beam and as such the flux estimate is not as reliable as the flux from Su et al. (2016), where the central emission was at the
phase centre of the observations. The 870 µm flux value from Su et al. (2016) was used in all analysis.
Wavelength [µm] Disc Flux [mJy] Uncertainty [mJy] Star Flux [mJy] Uncertainty [mJy] Reference
6600 0.308 - 0.092 ±0.015 Ricci et al. (2012)
1300 30.8 ±4.1 0.89 ±0.149 This Work
870 85 ±8.5 3.4∗ ±0.34 Boley et al. (2012)
870 - - 1.79 ±0.216 Su et al. (2016)
850 97 - - - Holland et al. (2003)
850 81 - - - Holland et al. (1998)
500 345 ±35 10 - Acke et al. (2012)
450 595 ±35 - - Holland et al. (2003)
350 595 ±35 22 - Acke et al. (2012)
250 1970 ±220 54 - Acke et al. (2012)
160 4650 ±450 124 - Acke et al. (2012)
70 7990 ±666 540 - Acke et al. (2012)
Wavelength [µm] Disc Flux [Jy] Uncertainty [Jy] Star Flux [Jy] Uncertainty [Jy] Reference
24 - - 2.96 ±0.29 Su et al. (2016)
18.4 - - 5.34 ±0.08 Ishihara et al. (2010)
8.6 - - 23.0 ±0.04 Ishihara et al. (2010)
2.16 - - 257 - Pickles & Depagne (2010)
1.65 - - 399 - Pickles & Depagne (2010)
1.24 - - 594 - Pickles & Depagne (2010)
0.554 - - 1250 - Boyajian et al. (2013)
Figure 6. Brightness temperature of the star from the recovered
flux at a given wavelength. The horizontal dashed line represents
a brightness temperature equal the stellar photosphere of TB =
8600 ± 200 K with the grey region representing the uncertainty.
The blue circle is the 24 µm data, the black diamonds are ALMA
data, and the green square is ATCA data. The Herschel data are
denoted as X’s since they are not direct measurements of the star.
For flux values and uncertainties see table 3.
temperature is TB = 5540 K. This value is less than 65% of
what can be “expected” from assuming the brightness tem-
perature is the same as the stellar photosphere temperature.
Fig. 7 shows all of the stellar flux data from Table
3, along with two black bodies with TB = 8600 K (the
photosphere) and TB = 5540 K (from millimetre data). A
PHOENIX Stellar atmosphere model similar to that of Fo-
malhaut (Husser et al. 2013) is also shown. The Herschel
data from 70-500 µm are not a direct measurement of the
stellar emission, but instead are the estimated stellar con-
tribution to the unresolved central emission at each corre-
sponding wavelength. Thus, these data points may not accu-
rately represent the stellar emission at far-infrared/submm
wavelengths. Overall, the emission centred on the star Fo-
malhaut does not show clear evidence for an inner debris
system. However, precise limits on any excess emission over
the stellar emission, should it exist, can only be done if the
stellar emission of A stars is properly characterized at sub-
millimetre and millimetre wavelengths. Dynamical processes
in the stellar atmosphere may further be a source of signif-
icant deviations in brightness temperature at submm/mm
wavelengths (Wedemeyer et al. 2015), further confounding
the problem.
5 SUMMARY
We have presented ALMA band 6 observations of the Fo-
malhaut debris system. These 0.28 arcsec resolution obser-
vations targeted both the outer debris ring as well as the cen-
tral emission around the host star. A two component model
was fit to the data, consisting of a a ring with a Gaussian
radial width and a point source for the central emission. The
best fit model recovered a flux of 30.8 mJy for a ring centred
at 139 au and a FWHM of 13 au. The system inclination was
found to be 66.7◦ with a position angle of 336.5◦. The best
fit model’s ring has a projected X, Y offset of -0.23 arcsec
and -1.87 arcsec from the central emission, which was found
to have a flux density of 0.90 mJy. Model fitting was con-
ducted using the visibilities and the image-plane separately,
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Figure 7. Data from literature and the corresponding fits to a black body. The blue dots represents a PHOENIX stellar atmosphere
similar to Fomalhaut (Husser et al. 2013). The black dashed line is the best fit black body for all data points with TB = 8647 K. The
green dashed line is the 870 µm - 6600 µm data with TB = 5540 K. The Herschel data are denoted as red X’s because they are not
direct measurements of the star. The vertical lines represent different regions measured by different observatories.
Table 4. List of data sets selected for SED fitting. A black body
was fit to each data subset through a Bayesian approach that
includes the uncertainties. For data from literature, when the un-
certainty is not given, a 10% uncertainty is used. The best fit
brightness temperature and 95% credible region are given. The
(*) denotes the range of data in the Herschel observations. As
these are inferred values, and not direct measurements, for the
star, they may not accurately represent the stellar flux at these
wavelengths.
Data Range [µm] Brightness Temp [K] Uncertainty [K]
0.554 - 6600 8647 8645-8649
0.554 - 2.16 8651 8650-8652
2.16 - 24 7611 7605-7617
70 - 6600 10,750∗ 10,500-11,020
870 - 6600 5540 3570-7860
870 - 1300 5550 3530-7910
and while the image-plane was able to consistently recover
the geometry and central emission, we find that there is a
∼ 15% discrepancy in the amount of recovered ring flux. We
conclude that visibility fitting remains necessary, but image-
plane fitting can be used to determine preliminary models.
The spectral index of the mm grains within Fomalhaut’s
debris ring was constrained to be αmm = −2.64 ± 0.12 for
wavelengths from 350 - 1300 µm, and αmm = −2.73±0.13 for
350 - 6600 µm. This corresponds to a grain size distribution
of q = 3.43±0.15 and q = 3.50±0.14, respectively, consistent
with a steady state collisional cascade model.
The 0.28 arcsec resolution of the observations is about
2.1 au at the distance of the system. There is no detected
extended structure or any obvious excess emission over the
intrinsic stellar flux. Instead, we find that the fitted 0.90 mJy
of flux density corresponds to a stellar brightness tempera-
ture of 5540 K, less than 70% of what can be expected by
assuming the millimetre brightness temperature is the same
as the stellar photosphere temperature. This is likely due to
the star’s chromosphere, analogous to the Sun. The ALMA
observations of the Fomalhaut star presented here are part
of an ongoing project in measuring the emission of stellar
atmospheres at submm/mm wavelengths.
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